C FILE„C0P1  AD  A 0 4 7 G 8 5 


INVESTIGATION  OF  ELECTRON  IMPACT  PROCESSES 
RELEVANT  TO  VISIBLE  LASERS 


M.  John  W.  Boness  and  H.  A.  Hyman 
Avco  Everett  Research  Laboratory,  IrK. 
2385  Revere  Beach  Parkway 
Everett  MA  02149 


Semi-Annual  for  Period  1 March  1977  to  31  August  1977 


APPROVED  FOR  PUBLIC  RELEASE.  DISTRIBUTION  UNLIMITED. 


Sponsored  by 

DEFENSE  ADVANCED  RESEARCH  PROJECTS  AGENCY 
DARPA  Order  No.  1806 


Monitored  by 

OFFICE  OF  NAVAL  RESEARCH 
DEPARTMENT  OF  THE  NAVY 
AHington  VA  22217 


FOREWORD 


Contract  No.  ; NOOOl  4 -75 -C -0064 
DARPA  Order  No.  : 1806 
Program  Code  No.  : 5E20 

Snort  Title  of  Work:  Lead  Atom  Transition  Forbidden  Laser 

Principal  Investigator:  M.  John  W.  Boness,  (617)  389-3000,  Ext.  451 

Scientific  Officer:  Director,  Physics  Program, 

Physical  Sciences  Division 
Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  Virginia  22217 

Effective  Date  of  Contract:  15  August  1974 

Contract  Expiration  Date:  14  November  1977 

Amount  of  Contract:  $605,  222 


UNCI^ASSIFIKl) 


READ  INSTRUC  TIONS 


REPORT  DOCUMENTATION  PAGE 


BEFORE  rc^MBl.ETINt;  FORM 


'}  OOVT  ACCrStlON  Ki 


» T»pr  o»  ■rAOAT  • ptMioecovr 


Semi-Annual  Report. ^ 

I Mar«#M7  31  Aunv<^77 


Investigation  ol  Klectron  Impiict  Processes 
Relevant  to  Visible  Lasers  t 


MG  NUMHI 


M . J ohn  W 


ones  8 


NO00M-75-C-OO64 


PenroRM'NG  ORC*NIZ*''ION  NAur  AND  ADDRESS 

Avco  Kverett  Research  Laboratory 
2 385  Revere  Beach  Parkway 
Everett,  Massachusetts  02149 


CONTROLLING  OEElCE  NAME  AND  ADDRESS 


IVfensc  Advanced  Research  Projects  Agency 
OARPA  Order  No.  1806 


II  NUMRER  OE  PAGES 


I monitoring  agency  name  a ADORESSTIf  diriA'wiI  tnm  Coniritllint  Ollirm} 

Office  of  Naval  Research  / . ^ ) 

Department  of  the  Navy  ^ ' ^ Vj / 

Arlington,  Virginia  222)7  J f I 


Unclassified 


DELL  ASSIEir  ATlON  DOWNGRADING 

schedule 


Approved  for  public  release;  distribution  unlimited 


fot  thm  tn  A/or  ft  iO.  it  /ff //oroof  teom  Aopnrr^ 


»8  SuPPLCMEnTARV  notes 


^4  KEY  WORDS  fCotttlnu0  on  fovorao  otdo  // noroasory  and  /'i«nf//y  by  block  numbor) 


Cross  Sections 
Metastable  Atom 
Electron  Spectroscopy 
Fluorescence 


Charge  Exchange 
Argon 
Krypton 
Auger  Detector 
Visible  Lasers 


Excited  States 
Born  Calculations 
Eigenvalues 
Intermediate  Coupling 


Glow  Discharge 


Strong  Coupling 


abstract  fConllnuo  on  rovoroo  aldo  H nocoaaory  mnd  Idontity  by  block  numbor) 


The  emphasis  of  the  work  during  the  reporting  period  has  been  placed  upon 
the  design  and  optimization  of  a glow  discharge  source  of  metastable  atoms 
which  was  subsequently  installed  in  the  electron  spectrometer  system.  As 
a consequence  of  signal-to-noise  problems  and  long  term  stability  limitations 
encountered  with  the  energy  loss  spectroscopy  the  experiment  has  been 
modified  and  a fluorescence  diagnostic  substituted  for  the  electrostatic  elec- 
tron energy  analyzer.  Preliminary  experiments  involving  electron-ground  
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State  atoms  have  been  performed  in  order  to  evaluate  the  sensitivity  of  the 
fluorescence  technique.  Numerous  experimental  modifications  have  been 
performed  in  order  to  reduce  the  principal  source  of  noise,  namely  fluores- 
cence emission  from  the  discharge  source.  Currently  experiments  are 
underway  to  measure  the  transitions  of  inte^fe^t  viz. 

e + Kr**  (5sj)  -•  e + Kr**  (5pj.  I 
by  observations  of  the  fluorescence  emission 
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Kr**  (5pj')  - Kr*  (5sj)  + hv 

Born  cross  sections  have  been  calculated  in  the  intermediate  coupling 
representation  for  the  transition  arrays  Ar*  (4s;  J -*  4p;  j')  and  Kr* 

(5s;  J — 5p;  J').  A Unitarized  Impace  Parameter  Born  Theory  has  been 
employed  to  estimate  the  effects  of  strong  coupling  effects  which  are 
important  to  low  energies.  Effective  Born  cross  sections  have  been  com- 
puted for  a number  of  transitions  of  the  kind  Ar*  (4s  -*  nf  ) and  Kr*  (5s  -* 
n{  ). 
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I.  INTRODUCTION 


Recent  advances  in  the  development  of  high  power  electric  discharge 

lasers  which  possess  large  fractional  populations  of  excited  species  have 

emphasized  both  the  lack  of,  and  need  for  cross  section  data  describing 

electron  collisons  with  excited  species.  Modeling  calculations^**  indicate 

that  accurate  representations  of  electron -excited  state  interactions  ar«‘ 

essential  and  crucial  in  attempting  to  optimize  the  performance  of  the  laser 

and  the  electrical  behavior  of  the  discharge. 

Until  recently  data  describing  electron  collisions  with  excited  species 

was  virtually  absent  from  the  literature.  A growing  awareness  of  the  acute 

need  for  these  data  from  a practical  standpoint  has  promoted  a recent 

(2-6) 

increase  in  the  research  activities  in  this  field.  However,  in  view  of 

the  considerable  experimental  difficulties  in  preparing  and  manipulating 

beams  of  excited  species  data  is  slow  to  accumulate  and  the  total  amount  of 

available  data  for  collisons  of  this  type  is  somewhat  meager. 

The  role  of  the  AERL  Electron  Kinetics  program  in  the  DARPA  ONR 

sponsored  AERL  visible  laser  program  is  to  relevant  electron  kinetics  data 

necessary  for  modeling  and  optimizing  laser  performance  specifically  in 

1.  "KrF  Laser  Research,"  AERL  804,  April  1976. 

Z.  Long,  D.  R.  and  Geballe,  R.  , Phys.  Rev.  1,  Z60  (1970). 

3.  Lake,  M.  L.  and  Garscadden,  A.,  28th  Gaseous  Electronics  Conference 
Rolla,  Mo,  (1975),  Paper  C-5. 

4.  Mityurwa,  A.  A.  and  Penkin,  N.  P.  , Opt,  Spectros.  2^  229  (1975). 

5.  Wilson,  W.  G.  and  Williams,  W.  L.  , J.  Phys.  B9,  423(1976). 

6.  Tannen,  P.  D.  , "Cumulative  Ionization  and  Excitation  of  Molecular 
Nitrogen  Metastables  by  Electron  Impact,"  Dissertation  (1973),  School 
of  Engineering,  Air  Force  Institute  of  Technology. 


the  in>pi>rtant  areas  ot  the  KrF  scaleup,  the  excimer  laser  research  prot;raiii 
and  the  area  of  small-scale  discharge  studies. 

The  present  AERL  Electron  Kinetics  protfram  was  proposed  in  order 
to  provide  absolute  cross-section  data,  particularly  with  rej^ard  to  collision 
processes  between  electrons  and  excited  atomic  and  molecular  species. 

The  program  consists  of  parallel  and  complementary  experimental  and 
theoretical  efforts.  Results  from  these  combined  program  efforts  will 
yield  reliable  absolute  cross-section  data  covering  the  range  of  electron 
energies  encountered  in  the  electric  discharges  of  interest  (0.  2 to  20  eV). 

The  rare  gas  monohalide  laser  systems  which  have  been  the  subject 

(7  8 9 ) 

of  extensive  experimental  and  theoretical  investigations  at  AERL'  ’ ’ 

have  emerged  as  extremely  promising  candidates  for  satisfying  certain 
goals  of  the  DARPA  visible  laser  program.  These  studies  have  identified 
electron  collision  processes  with  metastable  states  of  the  rare  gas  atom 
constituents  as  playing  a major  role  in  both  discharge  stability  and  in 
determining  the  equilibrium  metastable  concentration,  which  through 
reaction  with  the  halogen  molecule  leads  to  excimer  formation. 

Therefore  the  goal  of  the  AERL  electron  kinetics  program  is  to 
provide  absolute  cross  sections  for  electron  collisions  with  the  first  excited 
states  of  the  rare  gases  argon  and  krypton,  both  for  the  metastable  sub- 
states and  for  the  substates  which  are  optically  connected  to  the  ground 
state. 


7.  Ewing,  J.  J.  and  Brau,  C.  A.  , Appl.  Phys.  Lett.  27,  350  (1975). 

8.  Ewing,  J.  J.  and  Brau,  C.  A.  , Phys.  Rev.  Al_^  129  (1975). 

9.  Mangano,  J.  A.  and  Jacob,  J.  H.  App.  Phys.  Lett.  27.  495  (1975). 
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The  approach  which  has  been  adopted  is  to  norniali/.e  the  relative 


experimental  data  to  the  theoretical  calculations  in  the  int«* rnu*<liat<'  enerj;/ 
ran^e  (above  the  ionization  limit),  where  ston^ 'eouplin};  effects  and  resonance 
phenonen^a  should  be  minin^al,  and  where  the  theory  should  thus  be  the  n^ust 
accurate.  Once  the  normalization  factor  is  determined,  it  can  be  applied 
to  the  data  over  the  entire  energy  range,  including  very  low  energies  near 
the  excitation  threshold  where  the  theory  is  less  reliable.  The  combined 
experimental  and  theoretical  effort  will  therefore  be  able  to  provide  the 
absolute  cross  sections  with  the  level  of  accuracy  needed  for  laser 
modeling. 

Examples  of  the  transitions  of  interest  arc  indicated  in  the  partial 

energy  level  diagram  for  krypton  shown  in  Figure  1.  In  terms  of  electronic- 

structure  the  first  excited  state  of  krypton  resembles  the  ground  state  of 

rubidium.  Thus  the  electron  impact  excitation  cross  section  for  transitions 

between  the  first  two  excited  states,  Bs  -*  5p,  in  krypton  should  be  analogous 

to  the  alkali  atom  resonance  transition  which  is  known  to  be  extremely  large, 

-14  L 

of  the  order  10  cm  . 

This  value  is  much  larger  than  the  various  cross  sections  involving 
ground  state  excitation  processes.  Consequently,  once  significant  fractional 
populations  of  the  5s  excited  state  are  generated  in  the  discharge  then  the 
5s  -*  5p  excitation  process  will  become  the  dominant  energy  loss  process 
for  the  electrons  and  attempts  to  generate  higher  densities  of  the  5s  state 
will  lead  to  less  efficient  operation  of  the  laser,  and  due  to  the  close 
proximity  of  this  state  to  the  ionization  limit  will  eventually  lead  to  rapid 
stepwise  ionization  and  consequent  discharge  instability.  < 

I 

i 

7 


ENERGY  (eV) 


G9663 


Figure  1 Partial  Energy  Level  Diagram  for  the  Krypton  Atom  Indicating 
Electron  Excitation  Processes  of  Interest  between  the  5sj  and 
5pj'  Levels 
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Thi*  exprrinu'ntal  apparatus  which  is  tlesrribed  in  S»*ction  II  employs 

the  crossed  beams  technique  and  was  orit>inally  combined  with  an  electron 

spectrometer  to  perform  <lectron  energy  loss  analysis  and  hence  provide 

the  required  relative  excitation  cross  sections.  For  reasons  which  arc- 

fully  discussed  in  Sc-ction  II  a fluorescence  technique  has  been  substituted 

for  the  method  of  electron  encrfcy  loss  spectroscopy  in  order  to  identify  <md 

measure  the  relative  excitation  functions  for  the  transitions  of  interest. 

The  source  of  metastable  atoms  employed  is  a low  pressure  DC 

discharge  tube.  The  source  has  been  fully  characterized  and  the  design 

and  operation  optimized  for  the  production  of  mctastable  gas  atoms.  Using 

an  Auguer  metastable  atom  detector  absolute  metastable  krypton  densities 

in  the  region  of  the  cross  electron  and  atomic  beams  have  been  estimated 

7 -3 

to  be  ~ 1 0 cm 


Experiments  are  currently  underway  using  the  fluorescence  techni- 
que to  provide  the  relative  cross  sections  for  excitation  from  the  metastable 
states  for  argon  and  krypton. 

The  principal  results  of  the  theoretical  calculations  are:  (1)  the 


electron  impact  excitation  of  metastable  argon  and  krypton  is  dominated  by 

a single  transition  (4s  -*  4p  for  Ar  and  Ss  -►  5p  for  Kr)  with  a large  cross 
*•  2 

j.  section  ~100  tt  a^  at  the  peak)  and  (2)  strong  coupling  effects  are  dominant 

at  low  energies  for  the  ns  -*•  np  transition.  In  addition,  it  has  been  shown 
that  the  use  of  the  intermediate  coupling  representation  is  required  to  obtain 


results  for  cross  sections  between  the  various  substates. 


) 

t 
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U.  EXPERIMENT 


During  tho  initial  contractual  periods  an  electron  gun  and  electron 
spectrometer  system  was  designed  and  fabricated  and  installed  in  a doubly 
differentially  pumped  bakeable  stainless  steel  vacuum  chamber.  The 
associated  control  circuitry  was  designed  and  built  and  interfaced  with  the 
spectrometer  system. 

During  subsequent  program  periods  the  performance  of  the  spectro- 
meter system  was  investigated  and  various  modifications  performed  as 
required.  In  particular  since  extremely  low  signals  were  anticipated  in 
the  electron  - metastable  atom  scattering  experiment  considerable  empha- 
sis was  placed  upon  reducing  the  background  noise  generated  in  the  system 
due  to  strong  inelastically  scattered  electrons. 

The  emphasis  of  the  work  during  the  present  reporting  period  has 
been  placed  upon  the  design  and  optimization  of  a glow  discharge  source 
of  metastable  atoms.  This  source  has  been  installed  in  the  experimental 
system  and  various  electron  scattering  experiments  hive  been  attempted. 
Recognizing  that  at  the  present  level  of  metastable  densities  available  from 
the  glow  discharge  source  the  electron  spectroscopy  technique  is  not  cap- 
able of  providing  manageable  signal  intensities  an  alternative  diagnostic 
technique  was  sought.  As  a consequence  the  experiment  has  been  modified 
and  a fluorescence  diagnostic  installed.  Preliminary  experiments  involving 
electron  - ground  state  atoms  have  been  performed  using  the  technique  and 
currently  experiments  are  underway  to  measure  the  transition  of  interest 


viz,  e + Kr*  (Ssj)  -*  e + Kr**  (5pj') 


by  observing  fluorescence  from  the  transition 

Kr**  (5pj')  -►  K r*  (5sj)  + hi/ 


A.  APPARATUS 

The  experiment  employs  the  crossed-beam  technique,  the  concept 
of  which  is  outlined  in  Figure  2,  A low  density  collimated  beam  of  the 
atomic  or  molecular  species  of  interest  is  collided  at  right  angles  with  an 
electron  beam  of  the  appropriate  energy  whose  energy  spread  is  small 
compared  with  the  mean  energy.  In  general,  a wide  variety  of  diagnostic 
techniques  can  be  employed  to  measure  the  electron  scattering  cross  sec- 
tions. The  merits  of  the  various  methods  were  discussed  at  length  in  the 
original  AERL  Electron  Kinetics  Program  Proposal,  which  concluded  that 
the  electron  spectroscopy  of  the  inelastically  scattered  electrons  offered 
the  broadest  application  compared  to  any  other  single  technique.  However, 
recognizing  that  on  occasion  other  diagnostics  might  be  preferred  or  required 
for  certain  processes,  the  apparatus  was  constructed  in  such  a way  as  to 
permit  the  addition  of  these  refinements  without  major  modification  to  the 
system. 

Calculations  which  model  electric  discharges  in  gases  are  insensi- 
tive to  structure  in  the  various  electron  excitation  cross  sections,  if  it  is 
narrow  compared  with  the  width  of  the  electron  energy  distribution  which 
exists  in  the  plasma.  The  objective  of  this  program,  therefore,  is  to  pro- 
vide the  broad  features  of  the  energy  dependence  of  the  various  excitation 
cross  sections  over  the  energy  range  of  interest,  ~ 0.  2 to  20  eV.  Since  it 
is  unnecessary  to  employ  a high  resolution  electron  beam  source,  a rather 
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Figure  2 Schematic  of  the  Crossed  Beams  Apparatus  for  Electron 
Scattering  from  Metastable  States  of  Rare  Gases 
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siniplf  design  of  electron  gun  is  adopted  where  the  emphasis  is  placed  upon 
intensity  rather  than  resolution  in  order  to  generate  reasonable  scattered 
electron  currents  from  the  metastable  scattering  species  whose  density  in 
the  beam  is  anticipated  to  be  rather  low. 

As  previously  explained  the  emphasis  of  the  experimental  aspect  of 
the  program  is  placed  upon  providing  relative  cro.ss  section  n.easun  menls 
over  the  range  from  threshold  to  ~20  eV.  It  is  essential  therefore  that  over 
this  energy  range  the  transmission  and  focussing  properties  of  the  electron 
spectrometer  be  independent  of  energy  in  order  to  ensure  constant  relative 
accuracy  of  the  measurement.  Thus  considerable  effort  has  been  directed 
towards  careful  design  of  all  the  electron  optical  components  of  the  system 
in  order  to  obtain  the  desired  energy  independent  characteristics.  Central 
to  this  issue  is  the  electron  optical  design  of  the  electron  gun  and  the 
analyzer  entrance  optics  shown  in  Figure  2.  The  design  and  construction 
of  the  electron  optical  components  of  the  system  have  been  described  in 
detail  in  a previous  semi-annual  reports.  During  the  preceding  six - 

monthly  period  of  the  program  considerable  effort  was  directed  towards 
reducing  the  background  signal  arising  from  strong  scattered  electrons. 

This  signal  was  practically  eliminated  in  the  angular  scattering  range 
20°  -►  135°  by  the  installation  of  the  device  shown  in  Figure  3.  The  back- 
ground signal  arose  from  collisons  between  the  primary  e-beam  and  various 

10,  Investigation  of  Electron  Impact  Processes  Relevant  to  Visible  Lasers. 
Boness,  M.  J.  and  Hyman,  H.  A.  AERL  Semi-Annual  Report  March-Aug. 
1976. 

11.  Investigation  of  Electron  Impact  Processes  Relevant  to  Visible  Lasers. 
Boness,  M.  J.  and  Hyman,  H.  A.  AERL  Semi-Annual  Report  Sept  1976  - 
Ffcb  1977. 
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surfaces  after  the  beam  had  traversed  the  collison  region.  Since  the  pri- 
mary beam  intensity  was  ~ 1 pA  and  the  objective  was  to  reduce  the  strong 
scattered  background  to  less  than  I cps  on  attenuation  of  thirteen  orders  of 
magnitude  was  necessary!  The  beam  collector  shown  in  Figure  3 success- 
fully acconiplis hed  this  goal  within  the  previously  defined  scattering  range. 
Below  20^  the  primary  beam  physically  encountered  various  components  of 
the  analyzer  entrance  optics  and  efficient  beam  collection  was  not  possible. 
Thus  the  angular  scattering  range  below  20°  was  not  accessible  to 
investigation. 

B.  METASTABLE  SOURCE 

Originally  both  glow  discharge  and  charge  transfer  sources  were  pro- 
posed as  techniques  which  might  offer  viable  schemes  for  the  production 
of  beams  of  metastable  rare  gases  possessing  useful  intensity. 

The  principle  of  the  charge  transfer  process  leading  to  excited  state 
formation  is  indicated  in  Figure  4 and  the  anticipated  experimental  arrange- 
ment is  shown  in  Figure  5. 

Charge  exchange  cross  sections  for  collisions  between  rare  gas  ions 

(12) 

and  alkali  metals  are  known  to  exhibit  extremely  large  cross  sections. 

Since  the  alkali  metal  ionization  potential  is  near  resonant  with  the  ioniza- 
tion potential  of  the  corresponding  metastable  rare  gas  then  it  is  to  be 

( 13) 

expected,  and  has  in  fact  been  confirmed  that  these  charge  exchange 
collisions  are  likely  to  produce  copious  amounts  of  metastable  states  of  the 
rare  gas. 

12.  Peterson,  J.  R.  and  Lorentz,  D.  C.  Phys.  Rev.  1 82.  152  (1969). 

13.  Neynaber,  R.  H.  and  Magnus  on,  G.  D.  , J.  Chem.  Phys.  6^  5239  (1976). 
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Figure  5 Scheniatic  of  the  Charge  Exchange  Apparatus  for  Metastable 
Rare  Gas  Production 
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Both  tho  charj»<'  transfer  and  ^low  discharge-  techniques  were  pursued 
initially,  however,  the  relative  technical  simplicity  of  the  glow  discharge 
t*-chniqu«-  has  led  to  faster  development  of  this  source  to  the  extent  that  an 
optimized  design  has  been  installed  in  the  system  in  order  to  attempt  elec- 
tron scattering  experiments. 

Glow  Discharge  Source 

The  principle  of  the  glow  discharge  source  is  to  simply  create  a low 
pressure  stable  DC  discharge  and  to  allow  the  discharge  products  to  effuse 
from  a small  aperture  located  at  the  end  of  the  discharge  tube.  The  dis- 
charge tube  is  located  in  a separately  pumped  chamber  having  a pumping 
speed  of  ~ 550°  f/ sec.  This  chamber  communicates  with  the  spectrometer 
chamber  via  a 0.  050”  diameter  orifice.  Various  apertures  can  be  placed 
between  the  discharge  tube  orifice  and  the  0,  050”  orifice  separating  the  two 
chambers.  Bias  potentials  can  be  applied  to  these  apertures  in  order  to 
reject  charged  particles  and  to  quench  high  lying,  long  lived  Rydberg  states 
in  the  beam.  Thus  in  principle  it  is  possible  to  extract  a quasi  - atomic 
beam  through  the  0.  050”  aperture  which  contains  only  ground  state  atoms 
and  the  required  metastable  atoms. 

One  of  the  early  designs  of  discharge  tube  is  illustrated  in  Figure  6. 
The  particular  source  shown  was  a modified  He  - Ne  discharge  laser  tube. 
The  original  tube  was  terminated  close  to  the  inner  capillary  section  aind 
sealed  with  a glass  plate  carrying  a 0.  020”  diam  hole. 

The  performance  of  the  various  sources  was  assessed  by  placing  an 
Auger  detector  ~ 10  cm  downstream  of  the  source.  The  main  components 
of  the  detector  and  the  operating  circuit  are  shown  in  Figure  7. 
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Figure  6 Schematic  of  an  Early  Design  of  Glow  Discharge  Metastable 
Source 
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Figure  7 Schematic  of  the  Auger  Detector  and  Operating  Circuit 
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The  detector  operates  on  the  Auger  principle,  namely  that  rneta- 
stable  atoms  possessing  excitation  energy  in  excess  of  the  work  function 
of  a metal  surface  may  liberate  electrons  ^rom  that  metal  surface  upon 
impact  with  it.  Usually  a highly  transparent  grid  is  placed  above  the  metal 
surface  and  biased  positively  with  respect  to  the  surface  so  that  the  ejected 
electrons  are  completely  removed.  If  the  secondary  emission  coefficient 
for  the  particular  meatastable  and  the  particular  surface  arc  known  then  by 
measuring  the  current  leaving  the  surface  the  metastable  flux  can  be 
estimated.  The  guard  plates  ensure  high  electrical  insulation  since  small 
currents  are  normally  encountered,  the  deflector  plates  are  to  remove  any 
remaining  charged  particles  from  the  beam. 

Energetic  photons  may  also  liberate  electrons  from  the  surface  of 
the  Auger  detector  and  therefore  once  charged  particles  have  been  removed 
from  the  beam  it  is  essential  to  discriminate  between  the  photon  and  meta- 
stable  components  of  the  beam  both  of  which  contribute  to  the  measured 

1 14) 

Auger  current.  The  technique  adopted  for  this  purpose  is  due  to  Stebbings 
and  is  based  upon  the  difference  in  absorption  length  of  the  photon  auid 
metastable  components  of  the  beam  when  a background  gas  is  introduced 
between  the  source  and  detector.  Much  of  Stebbings  reported  data  described 
the  absorption  of  metastable  helium  atoms  and  photons  produced  in  a low 
pressure  helium  discharge  by  argon  gas  contained  in  a gas  cell  between  the 
source  and  detector.  Therefore  for  comparative  purposes  the  performance 
of  the  various  discharge  tubes  was  usually  determined  initially  by  operating 
with  a helium  discharge  and  performing  attenuation  measurements  of  the 

14.  Stebbings,  R.  F.  , Proc,  Roy.  Soc.  241.  270  (1957). 
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with  a h»iiun>  <lisc  harj>f  and  p<‘ rfo  rntinn  atti-nuation  nuasu  r<-riii‘ntH  of  th<- 
photon/nn-tastabii*  ht'aiti  at  tlu'  Auki*  r drtfctor  as  a funition  of  ari^on 
backuround  ^as  pri-ssurc-  which  could  be  s<-paratcly  and  unifortidy  intrc)flu<«-d 
into  th<'  path  of  the  beam  via  an  auxilliary  gas  inlet  in  the  spectrometer 
chamber.  Not  surprisingly  the  flischarge  source  illustrated  in  Figure  6 
posses.sed  an  extremely  large  photon  to  metastable  ratio,  so  much  s tliat 
exact  measurement  of  the  mctastable  component  was  c-xtremely  difficult. 

The  efficient  photon  production  was  probably  due  to  a combination  of  dis- 
charge length  and  the  capillary  section  which  acted  as  a very  efficient  light 
pipe. 

A variety  of  discharge  sources  were  investigated  and  the  final  design 
adopted  is  shown  in  Figure  8.  The  source  consists  of  a short  discharge 
tube  approximately  two  inches  long  which  is  closed  at  one  end  by  a glass 
plate  carrying  a 0.  020"  diam  hole.  The  discharge  anode  was  placed  beyond 
the  end  of  the  0.  020  aperature  so  that  the  discharge  was  constricted  by  the 
0,  020"  aperature  prior  to  reaching  the  anode.  This  constriction  was  found 
to  be  key  feature  for  optimizing  metastable  production.  Maintaining  a short 
discharge  length  was  found  to  reduce  the  photon  component. 

Initially  sputtering  from  the  cathode  was  found  to  severely  limit  the 
operating  lifetime  of  the  discharge  tube.  By  using  high  purity  nickel  for  the 
cathode  material  combined  with  the  mounting  arrangement  shown  in  Figure  8 
this  problem  was  eventually  eliminated.  The  important  feature  of  the  cathode 
design  was  to  avoid  hot  spots  by  carefully  shielding  edges  of  the  cathode  and 
by  ensuring  that  the  discharge  uniformly  covers  the  interior  surface  of  the 
cathode. 

A typical  plot  of  current  measured  at  the  Auger  detector  vs  back- 


ground pressure  is  shown  in  Figure  9.  This  plot  is  for  a helium  discharge 

using  argon  as  the  background  gas.  Two  regimes  are  clearly  discernible 
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ure  8 Schematic  of  the  Final  Optimized  Design  of  Discharge  Tube 


I 

► 

1 

f 

^ on  the  plot,  an  early  rapidly  attenuated  component  followed  by  a much 

larjjer  tail.  The  more  slowly  decayinfj  component  is  ascribed  to  the  absorp- 
tion of  photons  in  the  beam  which  are  removed  by  photoionization  of  the 

artjon  iiackjjround  gas.  Since  the  absorption  length  is  known  (10  cm)  ( 

I and  the  gas  pressure  is  measured,  the  cross  section  for  this  process  can 

be  deterniincd  from  the  slope  of  the  line  at  higher  pressures.  The  value 

- 7 2 

obtained  viz  o = 4 x 10  cm  is  in  excellent  agreement  with  the  value 
obtained  by  Stebbings  and  also  by  other  workers  for  the  photoionization  of 
argon  by  helium  resonance  photons.  The  photon  component  can  be  obtained 
by  extrapolating  the  long  tail  of  the  Auger  current  to  zero  pressure.  If  the 
photon  component  is  subtracted  from  the  total  Auger  current  and  the  natural 
i log  of  the  residual  current  again  plotted  against  background  pressure,  the 

cross  section  for  the  low  pressure  process,  ascribed  to  the  attenuation  of 
the  metastable  component  can  be  deduced.  Such  a plot  is  shown  in  Figure  10, 
the  cross  section  obtained  from  the  slope  of  the  plot  is 

a = 5 X 10  cm 

This  value  is  approximately  a factor  of  five  lower  than  the  value  obtained 
by  Stebbings.  This  is  of  some  concern  but  could  be  explained  by  the  poor 
angular  definition  employed  in  this  attenuation  experiment.  Because  of  the 
large  angular  acceptance  of  the  Auger  detector  small  angle  scattering 
events  still  contribute  to  the  beam  and  hence  the  decay  of  the  Auger  current 
occurs  more  slowly  than  if  these  events  were  included,  resulting  in  a low 
value  for  the  measured  cross  section. 

These  measurements  were  performed  as  a function  of  discharge 
current  and  discharge  pressure  in  order  to  optimize  the  metastable 
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Figure  10  Plot  of  f n Auger  Current  Minus  Photon  Components  vs 
Background  Pressure 
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comjjonent  of  the  beam.  Metastable  production  was  found  to  increase  as  a 
function  of  discharge  current.  However,  thermal  loading  considerably 
shortened  the  life  of  the  cathode  beyond  40  mA  and  the  tube  was  operated 
typically  around  30  mA.  The  pressure  in  the  discharge  tube  was  not 
n\easured  directly,  however,  the  absolute  value  was  not  important  for  these 
measurements.  Rather,  the  background  pressure  in  the  spectrometer  was 
measured  and  the  gas  flow  through  the  discharge  tube  varied.  Depending  on 
the  particular  gas  employed  the  metastable  production  reached  a rather  flat 
maximum  when  the  background  pressure  was  in  the  vicinity  of  2-3  x 10  ^ 
torr.  The  higher  pressure  limit  is  probably  due  to  the  scattering  of  the 
metastable  atoms  out  of  the  beam  close  to  the  exit  of  the  discharge  tube 

_ 3 

where  the  residual  pressure  is  still  relatively  high,  as  10  torr.  Calcula- 
tions indicate  that  a background  pressure  of  2 x 10  ^ torr  in  the  spectro- 
meter chamber  corresponded  to  a pressure  of  ~0.  1 - 1,0  torr  in  the 
discharge  tube. 

Similar  experiments  were  performed  using  argon  in  the  discharge 
and  a variety  of  background  gases  and  the  operation  of  the  source  optimized 
as  described  above. 

C.  ELECTRON  SPECTROSCOPY  EXPERIMENTS 

Operating  the  glow  discharge  with  argon,  experiments  were  per- 
formed according  to  the  original  conception  of  the  measurement.  Over  the 
angular  range  accessible  to  the  experiment  and  at  a variety  of  incident 
electron  energies  no  measurable  electron-metastable  scattering  energy 
loss  signals  in  the  vicinity  of  1 . 6 eV  were  detected.  Signal  averaging 


( 


practices  were  routinely  employed,  the  averaging  interval  being  determined 
by  the  various  factors  governing  th*  long  term  stability  of  the  experiment. 
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Assuminp  a cross  section  for  the  electron-metastable  scattering 
- 1 4 2 

cross  section  of  10  cm  and  assuming  that  the  angular  distribution  is 
isotropic,  the  calculations  indicate  that  assuming  a mctastable  density  of 
10^  cm  then  the  electron  scattering  signal  from  the  metastable  argon 
atoms  should  be  on  the  order  5 cps.  The  experimental  signal -to-noise 
ratio  combined  with  the  signal  averaging  intervals  available  as  determined 
by  stability  considerations  should  have  permitted  such  a signal  to  be 
detected.  Since  it  was  not,  one  possible  explanation  for  this  result  might 
be  the  assumption  pertaining  to  the  isotropic  nature  of  the  angular  distribution 
which  was  invoked  in  order  to  perform  the  scattering  calculation. 

The  transition 

Ar(4sj)  + e-*  Ar  (4pj')  + e 

is  of  course  a strongly  allowed  optical  transition.  It  is  well  known  that  at 
high  electron  energies  angular  distributions  for  the  scattered  electrons  are 
strongly  peaked  in  the  forward  direction.  At  low  energies  generalizations 
are  more  difficult  and  several  factors  such  as  resonance  phenomena  and 
the  limited  number  of  partial  wave  contributions  to  the  scattering  amplitude 
complicate  the  itsue  tremendously.  Thus  the  non- isotropic  behavior  of  the 
angular  distribution  could  be  a valid  explanation  for  the  absence  of  the 
scattered  electron  signal  over  the  angular  range  accessible  to  the  experiment. 
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D.  THE  FLUORESCENCE  TECHNIQUE 


Due  to  the  problems  encountered  with  the  technique  of  energy  loss 
spectroscopy  the  possibility  of  a fluorescence  measurement  was  considered 
as  a method  of  observing  the  process  of  interest, 

e + Ar*  (4'3'j')  -•  Ar**  (4pj')  + e 

via  the  fluorescence 

Ar**  (4pj')  — Ar*  (4sj)  + hv 

A comparison  of  the  relative  sensitivities  of  the  fluorescence 
technique  and  the  method  of  energy  loss  spectroscopy  involves  many  factors. 
The  near  isotropic  nature  of  the  fluorescence  emission  together  with  the 
possibility  of  employing  large  f number  extraction  optics  strongly  favors  the 
fluorescence  technique.  However,  detector  sensitivity,  intrinsic  noise,  and 
spectrometer  transmission  efficiency  favor  the  energy  loss  spectroscopy. 
After  considering  each  of  these  factors  it  appeared  that  the  fluorescence 
technique  might  provide  a better  opportunity  to  perform  this  particular 
measurement. 

An  additional  benefit  accrued  from  adopting  the  fluorescence  techni- 
que was  the  possibility  to  increase  the  incident  electron  beam  intensity  by 
using  larger  apertures  in  the  diode  stage  of  the  gun.  This  improvement  was 
not  possible  when  employing  the  electron  spectrometer  since  the  corres- 
ponding increase  in  the  angular  divergence  and  space  charge  spreading  of 
the  electron  beam  generated  more  problems  than  benefits. 

Once  the  decision  was  taken  to  adopt  the  fluorescence  technique  the 
experiment  was  modified  accordingly.  A schematic  of  the  fluorescence 
diagnostic  arrangement  is  shown  in  Figure  11.  Rather  than  employ  an 


optical  extraction  system  comprised  of  lenses  which  requires  careful 
alignment  a light  pipe  system  was  employed  as  shown.  The  light  pipe  was 
V8”  diameter  quartz  and  subtended  approximately  an  fl  ratio  at  the  colli- 
sion region.  The  light  pipe  was  sealed  through  the  wall  of  the  vacuum 
hamber  using  a viton  o-ring  seal.  A stainless  steel  bellows  arrangement 
was  employed  for  alignment  purposes.  The  end  of  the  light  pipe  was 
focussed  onto  the  entrance  slit  of  a l/4-meter  Jarrel-Ash  monochromator 
using  a cylindrical  lens.  A blocking  filter  which  defined  the  spectral  region 
of  interest  was  interposed  between  the  cylindrical  lens  and  the  entrance  slit 
of  the  monochromator.  The  monochromator  was  equipped  with  a 590  lines/ 
mm  grating  blazed  at  750  nm.  The  exit  slit  of  the  monochromator  was 
coupled  into  an  RCA  model  C31034  photomultiplier  using  another  lens.  The 
characteristics  of  the  photomultiplier  are  shown  in  Figures  12(a)  and  (b) 

The  characteristics  shown  are  actually  for  the  improved  'A'  variant  of  this 
model  the  difference  being  a factor  of  two  lower  quantum  efficiency  for  the 
C31034  model.  In  order  to  reduce  the  dark  count  the  tube  was  housed  in  a 
refrigerated  housing  and  cooled  to  -20  C.  At  this  temperature  a dark  count 
rate  of  approximately  20  cps  was  obtained.  The  refrigerated  housing  con- 
tained a built-in  pulse  preamplifier  the  output  of  which  was  taken  to  the 
standard  Canberra  Industries  pulse  counting  equipment  previously  described. 

E.  FLUORESCENCE  EXPERIMENTS 

The  experimental  arrangement  finally  employed  for  the  fluorescence 
measurements  is  shown  in  Figure  13. 

As  with  the  energy  loss  spectroscopy  considerable  problems  were 
encountered  with  background  noise  signals  originating  in  the  experiment 
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Figure  12(a)  Typical  Pliotocathodc  Spt;ctral  Responsivity  Characteristics 
of  the  RCA  Model  Cil034A  Photomultiplier 


(b)  Typical  Dark  Noise  Rate  as  a Function  of  Temperature 


ifst'lf.  1 hi'  photon  hack^rouncl  fioneratt-H  hy  the  discharge  overlappi'd  exactly 
thi'  fluorescence  signals  of  interest  and  was  extremelv  difficult  to  cope-  with. 

I he  signal  was  ri-duci-fi  as  mucli  as  possible  by  introducing  a conii)lete  shielrl 
around  the  collision  region  as  shown  and  by  collecting  the  major  component 
of  the  photon  flux  inside  the  Woods'  Horn  which  was  open  at  the  small  end 
in  order  tf>  vent  the  box. 

Photons  emitted  from  the  filament  which  travelled  collinearly  through 
tlie  collision  region  with  the  electron  beam  and  then  scattered  off  various 
surfaces  into  the  collection  optics  were  another  problem.  This  was  reduced 
considerably  by  providing  the  Venetian  blind  style  electron  collector  which 
both  monitored  the  primary  electron  beam  and  provided  a dump  for  the 
continuum  emission  from  the  filament. 

Initially  experiments  were  performed  to  measure  the  Ar  (4pj')  -* 

Ar  (4sj')  fluorescence  by  exciting  the  4pj'  levels  directly  by  electron  colli- 
sions with  ground  state  Ar  atoms.  This  served  to  verify  the  performance 
of  the  system  and  also  to  provide  a convenient  method  of  exactly  calibrating 
the  monochromator  reading  for  the  wavelengths  of  interest.  Naturally  the 
discharge  was  unnecessary  for  these  experiments  the  primary  electron 
beam  was  simply  crossed  with  a beam  of  ground  state  argon  atoms. 
Fluorescence  spectra  for  the  transitions  of  interest  in  argon  and  krypton 
obtained  at  an  incident  electron  energy  of  approximately  20  eV  are  shown 
in  Figures  14  and  15  respectively. 

Experiments  are  now  in  progress  to  measure  the  4 pj'  -►  4sJ' 
fluorescence  emission  excited  by  electron  collisions  with  metastable  argon 
atoms . 
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INTENSITY  (ARB  UNITS) 
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Ono  linntation  imposed  by  the  fluorescence  measurement  and  not 
shared  by  the  energy  loss  spectroscopy  technique  is  the  range  of  electron 
energies  available  for  the  measurement.  The  threshoUi  for  process 

e + Ar*  (48j)  -*  c + Ar<'>f‘  {4pj') 

occurs  at  approximately  1.6  eV.  The  threshold  for  the  ground  state  process 

e + Ar  (4pj) 

with  consequent  emission  of  similar  fluorescence 

Ar**  (4pj')  -►  Ar*  (rsj)  + hv 

occurs  at  approximately  13  ev.  Since  the  ground  state  atoms  are  far  more 
numerous  than  metastable  atoms  then  even  taking  into  account  the  favorable 
excitation  cross  section  ratio  the  fluorescence  emission  originating  trom 
direct  ground  state  excitation  to  the  4p  level  will  completely  overwhelm  the 
emission  obtained  by  electron  impact  with  the  metastable  atoms.  Therefore 
depending  on  the  primary  electron  energy  distribution,  measurements  for  the 
process 

e + Ar*  (4sj)  -*  e + Ar**  (4pj') 

will  be  confined  to  the  region  from  the  threshold  for  the  direct  ground  state 
excitation  threshold  to  the  4pj'  levels,  ~13  eV. 


III.  I'HKORY 


In  the  previous  Semi-Annual  Report^  we  have  jjiven  the  formulas 
required  for  calculating  the  cross  sections,  together  with  the  eigenvalues 
(scaling  parameters)  of  the  radial  Schrodinger  equation.  The  correspond- 
ing eigenfunctions  have  been  user!  to  compute  the  cross  sections,  and  the- 
results  will  be  given  in  this  section. 

In  Figures  16  and  17  are  shown  the  relevant  energy  levels  of  excited 
argon  and  krypton.  In  intermediate  coupling  which  is  the  appropriate 
representation  for  the  excited  rare  gases,  only  the  total  angular  momentuiTi, 
.T  and  parity  of  the  state  are  good  quantum  numbers.  To  the  left  of  the  two 
figures  are  the  levels  of  the  two  most  important  configurations,  Ar=;=  (4s,  4p) 
and  Kr-  (5s,  5p),  labelled  by  their  total  J-values  (the  commonly-used 
Paschen  notation^  has  also  been  included).  The  J = 2 (ls_)  and  J = 0 
(Is^)  levels  are  metastable,  while  the  J = 1 (Is^,  1®^)  levels  can  radia- 
tively  decay  to  the  ground  state.  However,  under  typical  laser  operating 
conditions,  the  two  J = 1 states  are  optically  trapped  and  therefore  effec- 
tively long-lived.  Electron  impact  excitation  of  the  J = 1 levels  is  therefore 
also  of  importance.  To  the  right  in  each  figure  we  have  indicated  the 
statistically -averaged  energy  level  of  each  configuration,  denoted  by  the 
orbital  (nf  ) of  the  active  electron  (the  core  configurations  are  given  at  the 
bottom). 

15.  Boness,  M.J.W.  and  Hyman,  H.A.,  Investigation  of  Electron  In^pact 
Processes  Relevant  to  Visible  Lasers,  Semi-Annual  Report,  Sept.  1, 
1976  to  Feb.  28,  1977. 

16,  Moore,  C.E,,  Atomic  Energy  Levels,  Vols.  I and  II,  Circular  of  the 
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ENERGY  (eV) 


J = 0(2p^) 

J = 1(2p,q) 

J--  Ulsg) 

J = 0(IS3) 

J=  KIs^)- 
J = 2(ls,)' 


Born  cross  sections  have  been  calculated  in  the  intermediate  coup- 
ling representation  for  the  transition  arrays  Ar*  (4s;  J -*  4p;  J')  and  Kr-' 

(Ss;  J — 5p;  J'),  and  the  results  are  summarized  in  Table  1 -4.  The  initial- 
and  final-state  notation  refers  to  the  energy  levels  to  the  left  of  Figures  16 
and  17.  Table  1 lists  the  cross  sections,  at  several  electron  impact  ener- 
gies of  interest,  for  excitation  of  the  argon  metastable  states  (Is^  and  Is^) 
to  all  levels  of  the  4p  configuration,  while  Table  2 gives  the  cross  sections 
from  the  argon  optically -trapped  states  ( 1 and  1 s^)  to  all  of  the  4p  stales. 
Tables  3 and  4 list  the  corresponding  results  for  krypton.  The  final  states 
marked  with  an  asterisk  indicate  those  transitions  which  are  completely 
forbidden  in  jK -coupling , ^ ^ which  is  the  best  of  the  pure  coupling  schemes 
for  excited  argon  and  krypton.  Clearly,  not  all  of  the  cross  sections  for 
these  "forbidden"  transitions  are  small,  and  this  points  out  the  need  for 
using  the  proper  coupling  representation  to  obtain  meaningful  results. 

Effective  or  average  Born  cross  sections  f defined  as  the  sum  over 
final  J-states  and  average  over  initial  J-states  (see  Ref.  15)|  have  been 
computed  for  the  transitions  Ar*  (4s  -*  nf  ) and  Kr*  (5s  -*  nf  ),  with  the 
notation  referring  to  the  energy  level  scale  to  the  right  of  Figures  18  and  19. 
It  is  clear  that  the  Ar*  (4s  -►  4p)  and  Kr*  (5s  -*  5p)  transitions  are  dominant. 
P'or  these  cases,  the  Born  approximation  is  expected  to  considerably  over- 
estimate the  cross  section  at  low  energies  due  to  the  very  long-range  nature 
of  the  dipole  coupling  potential.  We  have  therefore  used  a method  due  to 
Seaton,'  ' which  is  essentially  a Unitarized  Impact  Parameter  Born  (UIPB) 

17.  Cowan,  R.  D.  and  Andrew,  K.L.,  J.  Opt.  Soc.  Amer.  502  (f^H- 

18.  Seaton,  M.  J.,  Proc.  Phys.  Soc.  79,  1105  (1962). 
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TAHLP:  1.  ARGON  CROSS  SI-XTIO NS 


Initial 

State 

Final 

State 

E.  = 5 eV 

1 

2 

Cross  .Sec  tion  ( tt  a 1 

0 

E.  = 10  oV 

I 

E.  = 15 

1 

'"5 

‘^PlO 

2.99(1)' 

2. 0 3(  1) 

1 . 56( 1 ) 

> 

^ 9 

8.  76(1) 

6. 16( 1 ) 

4. 78(1 ) 

1.69(1) 

1.20(1) 

9.  29 

^P7 

4.  80 

3.43 

2.68 

^P6 

3.63(1) 

2.60(1) 

2. 04( 1 ) 

8. 18(-1) 

6. Ol(-l) 

4.74(-l 

2p3- 

5.  70 

4.21 

3.  32 

^pz" 

5.  02 

3.72 

2.94 

IS3 

^Pio" 

1.  30(1) 

8.53 

6.47 

^P7" 

2.  24(1) 

1.54(1) 

1.  19(1) 

^P4 

9.  82(1) 

6.95(1) 

5.40(1) 

^P2 

5.  32(1) 

3.80(1) 

2.97(1) 

Forbidden  in  jK-coupling. 

' The  number  in  parentheses  indicates  the  power  of  ten  by  which  each 
entry  should  be  multiplied. 


TABLE  2.  ARGON  CROSS  SECTIONS 


Cross  Section  (v  ) 


Initial 

State 

Final 

Stage 

E.  = 5 eV 

1 

E.  = 10  eV 

1 

E.  = 15  eV 

1 — 

'"4 

^PIO 

1. 68(1)^ 

1.  13(1) 

8.61 

^P8 

7.  30(1) 

5. 08(1) 

3.92(1) 

^P7 

4.  54(1) 

3. 19(1) 

2.48(1) 

2p6 

1.  35(1) 

9.  52 

7.40 

^P5 

1.91(1) 

1.  38(1) 

1.08(1) 

2P4* 

4. 56(-l) 

3.29(-l) 

2.  58(-l) 

2p3* 

1. 83(1) 

1. 32(1) 

1. 04(1) 

^P2* 

2.  15 

1.57 

1.23 

2 ❖ 

‘^Pl 

1.  04(-2) 

7.89(-3) 

6. 28(-3) 

‘®2 

2 * 

‘^PIO 

1. 26 

8.  15(-1) 

6. 14(-1) 

2 * 

P8 

6.73 

4.49 

3.42 

2p7* 

2.  02 

1.  36 

1.04 

^P6* 

2.94(1) 

1.99(1) 

1.53(1) 

2P5" 

1.49(-2) 

1.03(-2) 

7.95(-3) 

^P4 

2. 85(1) 

1.97(1) 

1.52(1) 

2p3 

7.  59(1) 

5.28(1) 

4.08(1) 

^P2 

3. 36(1) 

2. 35(1) 

1.82(1) 

^P1 

1.91(1) 

1. 38(1) 

1.08(1) 

Forbidden  in  jK-coupling. 

^ The  number  in  parentheses  indicates  the  power  of  ten  by  which  each  entry 
should  be  multiplied. 


TABLE  3,  KRYPTON  CROSS  SECTIONS 


! nitial 
State 

Final 

State 

E.  = S eV 

1 

2 

Cross  Section  (n  a ) 

0 

E.  = 10  eV 

1 

E.  = 15  eV 

1 

IS5 

^PlO 

3.  56(l/ 

2.46(1) 

1.90(1) 

2p9 

8.  83(1) 

6. 27(1) 

3.89(1) 

^P8 

1. 87(1) 

1.  32(1) 

1.04(1) 

4.  37 

3.  16 

2.48 

■y 

"P6 

4.  08(1) 

2.96(1) 

2.  33(1) 

2p3- 

6.  58(-l) 

5. 58(-l) 

4.60(-l) 

hz 

6. 35(-l) 

5. 39(-l) 

4.45(-l) 

IS3 

^PlO" 

4.  19 

2.57 

1.90 

dpf 

1. 06 

6.73(-l) 

5. 04(-l) 

^P4 

9.  30(1) 

6.62(1) 

5. 17(1) 

2p3 

8.92(1) 

6.40(1) 

5.01(1) 

Eor bidden  in  jK -coupling. 

The  number  in  parentheses  indicates  the  power  of  ten  by  which  each  entry 
should  be  multiplied. 
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TABLE  4,  KRYPTON  CROSS  SECTIONS 


Initial 

State 

Final 

State 

E.  = 5 cV 

1 

C ross  Sec  tion  ( ir 

> 

o 

E.  = 10  eV 

1 

E.  = IS  oV 

1 

1^4 

^PlO 

1. 00(1)^ 

6.75 

5.16 

^P8 

7.  99(1) 

5. 54(1) 

4.  28(1) 

2p7 

5.61(1) 

3.96(1) 

3.  08(1) 

^P6 

3.  01(1) 

2.  13(1) 

1 .66(1) 

2p7 

1. 94(1) 

1.41(1) 

i.  11(1) 

^P4' 

1.  30(-2) 

1. 06(-2) 

8.60(-3) 

2p3- 

6.89(-2) 

5.65(-2) 

4.6l(-2) 

1.  30 

1.06 

8. 70(-l ) 

2pi* 

1.09(-2) 

9.22(-3) 

7.60(-  3) 

^"2 

^PIO" 

1.15 

6.97(-1) 

5.  ll(-l) 

^Ps’' 

1. 09 

6.78(-l) 

5.  02(-l) 

2p7* 

6.89(-1) 

4. 32(-l) 

3. 22(-l) 

^Pb"' 

3.  15 

1.98 

1.48 

2P5" 

2.65(-2) 

1.70(-2) 

1.28(-2) 

^P4 

3.  36(1) 

2.  35(1) 

1.82(1) 

2p3 

3.  10(1) 

2.  18(1) 

1.70(1) 

^P2 

1. 05(2) 

7.  39(1) 

5.75(1) 

^Pl 

1.97(1) 

1.43(1) 

I.  12(1) 

Forbidden  in  jK-coupling. 

^ The  number  in  parentheses  indicates  the  power  of  ten  by  which  each  entry 
should  be  multiplied. 


CROSS  SECT 


HI860 


Figure  I 


INCIDENT  ELECTRON  ENERGY  (eV) 


Effective  Born  Cross  Sections  for  the  Transitions  Kr* 

(5s  -*  n(  ).  The  dashed  curve  is  for  the  5s  ♦ 5p  transition, 
taking  st rong -coupling  effects  into  account 


tlioory,  to  t'Stiinate  the  effects  of  strong  coupling.  The  Ull^Jl  results  are 
shown  as  the  dashed  curves  in  Figures  18  and  19.  It  is  obvious  that  they 
deviate  considerably  from  the  Born  approximation,  both  in  magnitude  and 
shape . 

To  summarize,  the  principal  results  of  the  present  investigation 

are:  (1)  the  electron  impact  excitation  of  metastable  argon  and  krypton  is 

fiominated  by  a single  transition  {4s  — 4p  for  Ar  and  5s  — 5p  for  Kr)  with  a 

2 

large  cross  section  (~  1 OOtt  a^  at  the  peak);  and  (2)  strong  coupling  effects 
are  dominant  at  low  energies  for  the  4s  4p  and  5s  -►  5p  transitions.  In 
addition,  we  have  show'n  that  a proper  choice  of  coupling  scheme  is  neces- 
sary to  obtain  reasonable  results  for  cross  sections  between  the  various 
substates . 
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IV.  PRESENT  STATUS 


During  this  reporting  period,  after  unsuccessful  attempts  to  detect 
electron  scattering  from  metastable  argon  atoms  using  electron  spectro- 
scopy the  fluorescence  techniqi  e was  substituted  for  the  method  of  electron 
energy  loss  spectroscopy. 

The  experiment  has  been  modified  accordingly  and  measurements 
have  been  performed  of  fluorescence  emission  from  the  transition 

Ar=!=*  (4pj)  -►  Ar*  (4sj)  + hv 

excited  by  electron  collisions  with  ground  state  argon  atoms.  Measurements 
of  the  corresponding  fluorescence  emission  in  krypton  have  been  performed 
in  a similar  manner.  A final  design  of  glow  discharge  tube  for  metastable 
production  has  been  adopted  and  installed  in  the  experiment. 

Measurements  of  the  transitions  of  interest  viz 

e + r*  (4sj)  -»  e + Ar**  (4pj') 
are  currently  underway. 


wnuo  BUlfcHOt  flu«D 
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